INTRODUCTION {#sec1-1}
============

During preparation of the root canal, that is, enlarging and shaping of root canal with files and other instruments, some dentinal shavings are formed. These dentinal shavings associated with dentinal tubular organic materials and micro-organisms form a layer called smear layer. This layer blocks the openings of the dentinal tubules.

The objective of biomechanical preparation is not only to remove the pulp and dentinal debris and to prepare the conical shape of the root canal but also to remove the smear layer and to clear the dentinal opening. Lots of bacteria harbor inside these tubules and these tubules need to be sterilized, as advocated by Shovelton (1962). Moreover, the smear layer has the potential to protect bacteria within the dentinal tubules; therefore, it may be prudent to remove the smear layer from infected root canals. Further, removal of the smear layer allows better penetration of the irrigants into the dentinal tubules, better flow of cement sealer through empty spaces, and ultimately provides better adhesion between the obturating material and the dentinal wall.

The irrigating process has three objectives as advocated by the Walker:\[[@ref1]\] 1) Dissolution of remnant tissue, 2) antimicrobial action, and 3) lubrication of the canal. Many researchers have pointed out that the smear layer is difficult to remove. One of the irrigants should be a chelating agent to remove it more effectively. Considering all the objectives of irrigants, a protocol of various combined irrigants has been advocated since long. Earlier, Yamda *et al*.\[[@ref2]\] had advocated that irrigation with 17% ethylenediaminetetraacetic acid (EDTA) followed by 5.25% sodium hypochlorite (NaOCl) produced very clean surface of root canals.

According to Leol\[[@ref3]\] and Baumgartner *et al*.,\[[@ref4]\] citric acid in combination with NaOCl is very effective in removing the smear layer from the surface of the middle and coronal third of the root canal, whereas removal from the apical region remains unpredictable.\[[@ref5][@ref6]\]

The apical third of the root canal is the most difficult portion to clean possibly because of its narrower dimension. As per previous studies by Ciucchi *et al*.,\[[@ref7]\] Takeda *et al*.,\[[@ref8]\] and Ahmad *et al*.,\[[@ref9]\] the use of ultrasonic stirring has been suggested to improve irrigation in the root canal and Ahmad *et al*. had demonstrated that the main mechanism responsible for ultrasonic debridement was acoustic streaming.\[[@ref9]\]

As previously documented by Torabinejad *et al*.,\[[@ref10]\] MTAD (BioPure, DENTSPLY, (Tulsa Dental, Johnson City, TN) is the irrigating solution of the mixture of tetracycline isomer (doxycycline), an acid (citric acid), and a detergent (sodium lauryl sulfate/Tween-80). The effectiveness of MTAD to remove the smear layer completely is synergistically improved when 2.5% NaOCl is used prior to the use of MTAD.

The aim of this study was to compare the effects of different irrigating groups including 17% EDTA, EDTA along with ultrasonication, 25% citric acid, and MTAD as final irrigants to remove the smear layer where NaOCl solution was used in each experimental group during preparation of the root canal, with special emphasis on the apical third of the root canal.

SUBJECTS AND METHODS {#sec1-2}
====================

Sample selection and criteria {#sec2-1}
-----------------------------

Forty-five human upper anterior teeth freshly extracted because of periodontal reason were considered for this study. The teeth were randomly selected from the patients. Teeth with mature root apex, similar anatomic characteristics, and relatively straight roots (degree of root curvature \<30, according to Schneider\'s\[[@ref11]\] classification) were selected for this study.

They were divided into one control group and four experimental groups. Hence, for each group, nine teeth were taken. The extracted teeth were rinsed under running distilled water and kept in saline.

Smear layer production and irrigation protocols {#sec2-2}
-----------------------------------------------

Within seven days, these anatomical crowns were decapitated, leaving behind an average root length of 12 mm. The length of root canal was measured by placing a \#10 K-file. The tip of the file that was visible from the apex was recorded and the working length of the specimen was just 1 mm short of the recorded length. Biomechanical preparation of teeth was done by crown-down technique using ProTaper rotary files. After instrumentation, each canal was flushed with 3 mL sterile water. The apical foramen of each tooth was plugged with modeling compound to prevent the irrigating solution from passing from the apical foramen.

Following instrumentation, the root canal was irrigated with the test solutions (5 mL) each. The group-wise irrigation protocols used in this study have been described in [Table 1](#T1){ref-type="table"}.

###### 

Substances used and the irrigation protocol
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Preparation of SEM samples {#sec2-3}
--------------------------

The root canals were then dried with paper points and the coronal openings were blocked with cotton pellets to prevent entry of any foreign material into the canals. Sectioning of the teeth was done with a diamond disc. Two furrows were made on the buccal and lingual aspects of each tooth without damaging the root canal. The two section parts were split with a bone chisel. One half of each root was discarded and the other half was sectioned into three parts, that is, cervical third, middle third, and apical third. These section parts were immersed for tissue fixation in 2% gluteraldehyde with phosphate buffer (pH = 7.3) for 12 hours. The specimens were then washed in 20 mL of phosphate buffer for 60 minutes and dehydrated by dipping the sections into 50, 75, and 100% ethyl alcohol for 24 hours.

The roots were then left overnight in a dessicator. The temperature was maintained at 60°C. The specimens also had to be coated with a thin conductive metal film. The metal film offers a high secondary emission coefficient. Palldium-gold was used for this purpose. Now the specimens were ready for observation under a scanning electron microscope (SEM). The photomicrographs of the specimens were obtained in different magnifications (×750, ×1500, ×2000, ×3000, ×5000).

Evaluation of SEM {#sec2-4}
-----------------

To evaluate the degree of removal of the smear layer, the scoring system described by Takeda *et al*.\[[@ref8]\] was used with modifications.\[[@ref12]\] The photomicrographs were quantitatively evaluated to rate the cleanliness with regard to the presence of debris, smear layer, and opening of dentinal tubules on a scale of 1-4.

Briefly,

Score 1 : No smear layer and debris at all, with all tubules cleaned and opened

Score 2 : A few areas covered by a smear layer and debris, with most tubules cleaned and opened

Score 3 : Smear layer and debris covering almost all the surface, with few tubules opened

Score 4 : Smear layer and debris covering all the surfaces.

Statistical analysis {#sec2-5}
--------------------

Data were analyzed by the Kruskal-Wallis test and the Dunn\'s test for pair-wise comparisons. All the statistical analyses were set with a significance level of *P* = 0.05.

RESULTS {#sec1-3}
=======

The results of the smear layer scores for each group with their mean, standard deviation (SD), median, and standard error (SE) values are listed in [Table 2](#T2){ref-type="table"}, and their group-wise comparisons with post-hoc analysis (Dunn\'s test) in the apical, middle, and cervical third have been shown in [Table 3](#T3){ref-type="table"}. Also, the SEM photomicrographs of each group have been shown in [Figure 1](#F1){ref-type="fig"}.

###### 

Mean, standard deviation, median, and standard error values of smear layer scores
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###### 

Post hoc analysis (Dunn\'s test) for cervical third, middle third, and apical third of root canal
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![Scanning electron microscope (SEM) photomicrographs of specimens of all the five groups with configurations (on the top left) A, B, and C representing the apical, middle, and cervical third portion of the root canal, respectively, whereas 1, 2, 3, 4, and 5 represent their respective groups; these photographs were obtained at different magnifi cations of ×750, ×1500, ×2000, ×3000, and ×5000](JCD-16-336-g004){#F1}

Group 1 (control): Examination of the surface of root canal walls showed the presence of a heavy smear layer throughout the entire length of canals. Also, there was an extensive amount of debris fixed to all root canal surfaces. The control group showed a statistically significant difference in the amount of smear layer remaining at all the three levels of canals in comparison to the experimental groups (*P* \< 0.001).

Group 2 (5.25% NaOCl + 17% EDTA): Compared to group 1, a lighter smear layer was noted on the surface of most samples in the coronal and middle third of the roots but in most samples in the apical third of the roots, smear layer and debris covered almost all the surface, with a few tubules opened.

Group 3 (5.25% NaOCl + 17% EDTA with ultrasonication): Almost all the specimens showed a lighter smear layer and some debris remaining in the apical region of canals compared to EDTA alone as final irrigant. However, ultrasonication produced an erosive effect especially in the middle and coronal third of the root canal. Although this group showed better clearance than group 2, statistically, the difference was not found significant.

Group 4 (5.25% NaOCl + 25% citric acid): The specimens of this group were significantly clearer when compared to the earlier groups, that is, group 1, 2, and 3 (*P* \< 0.05). In higher magnification, the canals surfaces were almost free of the smear layer; the middle third of the canal especially exhibited a much cleaner surface than the other two portions. Many dentinal tubules were patent but some debris was noted in the apical region.

Group 5 (5.25% NaOCl + MTAD): All the specimens (except three) in the coronal and middle third of the canals had no smear layer. Also, only a few samples showed a smear layer in the apical region. This group showed a statistically significant difference with the groups 1, 2, and 3 at all the 3 levels (*P* \< 0.05). Also, this group produced better clearance of the smear layer than group 4 at all the three levels but the difference was not found statistically significant.

DISCUSSION {#sec1-4}
==========

The endodontic instrumentation methods currently in use produce a smear layer that covers the root canal surfaces. The smear layer contains inorganic and organic substances which include the fragments of odontoblastic processes, micro-organisms, their by-products, and necrotic materials, and because of its potential contamination and adverse effects on the outcome of root canal therapy, it seems reasonable to suggest removal of the smear layer for disinfection of the entire root canal system.\[[@ref13]\]

The apical third of the root canal system is particularly difficult to clean because of the typically challenging complexity of the root canal morphology, making irrigant delivery and activation less effective. Current methods of removal of the smear layer include chemical, ultrasonic, and laser methods, none of which is totally effective or has received universal acceptance.\[[@ref13]\]

A recent review of the smear layer by Violich and Chandler\[[@ref14]\] indicates that removal of the smear layer results in a more thorough disinfection of the root canal system and better adaptation of filling materials to the canal walls.

Irrigation plays a major role in successful debridement and disinfection. The most widely used irrigant for root canal therapy is NaOCl at a concentration of 0.5 to 5.25%. The tissue-dissolving capacity and microbicidal activity of NaOCl make it an excellent irrigating solution, but it has only a limited effect on dissolution of the smear layer.\[[@ref15]\]

Also, acid solutions have been recommended for removing the smear layer including sodium salt of EDTA at a concentration of 15-17%,\[[@ref16]\] citric acid at concentrations of 10, 25, and 50%,\[[@ref17]\] and orthophosphoric acid at concentrations of 10, 32, and 37%.\[[@ref16]\]

Recently, MTAD has been introduced to dentistry as a final irrigant for removal of the smear layer.\[[@ref10]\] It has proved to be effective in eliminating resistant micro-organisms and providing sustained antimicrobial activity.\[[@ref18]\]

The purpose of the current study was to compare the effectiveness of various irrigating solutions including 17% EDTA, 25% citric acid, and MTAD as final irrigants combined with 5.25% NaOCl as irrigants while cleaning and shaping in the removal of the smear layer from all the three regions of the root canal especially in the apical third. Moreover, in one experimental group, we included ultrasonication along with EDTA as a final irrigating solution and it has been shown that the use of ultrasonication with 17% EDTA facilitates the removal of smear layer in the apical region of the root canal.\[[@ref19]\]

An SEM was used to assess the effectiveness of such irrigants to remove the smear layer and the erosion caused in the dentinal tubules. In group 1 (control), distilled water was completely ineffective in removing the smear layer from all the three regions, as it showed the presence of a heavy smear layer throughout the entire length of the root canal.

Yamada *et al*.(1983)\[[@ref2]\] and Baumgartner and Mader (1987)\[[@ref5]\] showed that alternating the use of EDTA and NaOCl is an effective method for removal of the smear layer. This supports our finding for group 2. The smear layer was effectively removed from the middle and coronal third, whereas this seemed less effective in the apical third of the canal where a few areas of smear layer with tubules containing debris were observed in most of the samples. This finding is probably because of inadequate penetration of the solution into the apical portion of the canal during irrigation.

In group 3, the ultrasonication of 17% EDTA as the final irrigant resulted in better removal of the smear layer and debris, although the difference was not statistically significant when compared with group 2. This was probably due to adequate penetration of the solution into the apical portion of canal and this is more likely to be due to the use of a small file with ultrasonic stirring or the introduction of the solution into the apical region to promote the interaction of the chelating agent with the dentinal wall.\[[@ref20]\]

Van der Sluis *et al*.\[[@ref21]\] found ultrasonication to be more effective for the removal of artificially placed dentin debris, although not to a significant degree. This finding is in agreement with the present result and is also supported by the study done by Kocani *et al*.\[[@ref22]\]

Along with better removal of the smear layer in the apical third than group 2, group 3 demonstrated a more erosive effect in the root canal surface especially in the middle and coronal third. The fact that 17% EDTA dissolves the mineral content of dentin and there is free oscillation of the ultrasonic file in the coronal third which contain large dentinal tubules may explain the higher dentinal erosion in this region.\[[@ref23]\]

Citric acid, a crystalline organic acid, is antibacterial, and concentrations of 10, 25, and 50% citric acid have been demonstrated to remove the smear layer by Baumgartner *et al*. (1984).\[[@ref4]\] They evaluated the amount of superficial debris and the smear layer that remained on the canal wall after a combination of NaOCl and citric acid and concluded that citric acid or a combination of these, irrespective of the order in which they were used was more effective than NaOCl alone to remove the smear layer from the surface of the instrumented canal.

In the present study, the instrumented canals irrigated with 25% citric acid showed the canal surfaces which were almost free of the smear layer. The middle third of the canal especially exhibited a much cleaner surface than the other two portions and this may be attributed to availability of better volume and better penetration of the acid in this region. Perez-Heredia *et al*. (2006),\[[@ref24]\] who used 15% EDTA and 15% citric acid, found better results for the cervical and middle third, compared with the apical one-third.

Torabinejad *et al*. (2003)\[[@ref25]\] compared MTAD alone with a combination of various concentrations of NaOCl as an irrigant and MTAD as a final rinse. Apparently, NaOCl is needed as an irrigant to assist MTAD to remove the smear layer completely. This becomes more significant as the concentration of NaOCl increases from 0.65 to 5.25% and the effectiveness of NaOCl to remove the organic part of the smear layer becomes evident and significant at a higher concentration (1.3-5.25%).

Dineshkumar *et al*. (2012)\[[@ref26]\] studied the effects of the three chelating agents including MTAD on the root dentin and found that these irrigants significantly reduced the microhardness of dentin than the control group because of its higher demineralizing action.

Here in this study, in group 5 with MTAD as the final irrigant, all the root canal apical surfaces were not completely devoid of the smear layer but there was a statistically significant clearance of root canal surfaces when compared with groups 1, 2, and 3. Although this group produced better results in removing the smear layer than group 4, it was not statistically significant.

CONCLUSION {#sec1-5}
==========

Based on the findings of the present study, with respect to control, the procedure used in every group was competent enough to remove the smear layer. Most importantly, the results point toward the possibility of MTAD solution as a promising agent for significant removal of the smear layer from the apical third when used in accordance with the protocol of the manufacturer. An added advantage of the excellent disinfecting property of MTAD may also be considered while making a choice of irrigant for preparation of root canal.
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